The induction of apoptosis leads to a substantial inhibition of protein synthesis. During this process changes to the translation-initiation factors, the ribosome and the cellular level of mRNA have been documented. However, it is by no means clear which of these events are necessary to achieve translational shutdown. In this article, we discuss modifications to the translational apparatus that occur during apoptosis and examine the potential contributions that they make to the inhibition of protein synthesis. Moreover, we present evidence that suggests that a global increase in the rate of mRNA degradation occurs before the caspasedependent cleavage of initiation factors. Increased mRNA decay is temporally correlated with the shutdown of translation and therefore plays a major role in the inhibition of protein synthesis in apoptotic cells.
Introduction
Protein synthesis can be conveniently subdivided into three phases: initiation, elongation and termination. It is now clear that the regulation of gene expression can occur at each stage of protein synthesis. However, most of the regulation seems to impinge on the initiation phase of this process. During translation initiation, the 40 S ribosomal subunit is recruited to the mRNA and locates an appropriate start codon. Initiation is completed when a ribosome is assembled at the start codon with an initiator methionyl-tRNA in its peptidyl (P) site. Thereafter, polypeptide synthesis occurs during the elongation phase. Apart from the mRNA and the ribosome there are a large number of other factors that facilitate the recruitment, binding and positioning of the ribosome on the mRNA. Furthermore, there now appears to be two different mechanisms by which ribosomes can be recruited to the mRNA.
In the predominant cellular mechanism, referred to as cap-dependent translation initiation, the cap-structure at the 5 -end of the mRNA is used to direct the 40 S ribosomal subunit to the 5 -end of the message. Subsequently, the ribosome migrates in a 5 -3 direction until it encounters an initiation codon in the correct context (reviewed in [1, 2] ). The cap-structure is recognized by the cap-binding complex eIF (eukaryotic initiation factor)4F, a heterotrimeric protein complex composed of the cap-binding protein (eIF4E), a scaffold protein (eIF4G) and a DEAD box RNA helicase (eIF4A) [3] . eIF4G can be considered to be the central component of eIF4F, since it provides docking sites for both eIF4E and eIF4A ( Figure 1 ) [4] . The latter protein is necessary for unwinding RNA structure in the 5 -UTR (untranslated region) and its RNA helicase activity is greatly stimulated by another auxiliary factor eIF4B [5, 6] . In addition, eIF4G plays an essential role in recruiting the ribosome to the cap-proximal region of the mRNA. Molecular interactions between the central domain of eIF4G and eIF3, together with interactions between eIF3 and the 40 S ribosomal subunit, form a bridge between eIF4F bound at the cap-structure and the ribosome (Figure 1) . Finally, at the N-terminus of eIF4G there is a binding site for PABP [poly(A)-binding protein], a protein that interacts with the poly(A)-tail at the 3 -end of the mRNA [7, 8] . It has been known for a number of years that the combination of a cap-structure at the 5 -end and a poly(A)-tail at the 3 -end of an mRNA stimulates cap-dependent translation synergistically in vitro and in vivo [9] . This observation may be explained in part by the interaction between PABP and eIF4G, which not only enhances the binding of eIF4F to the cap-structure but also effectively circularizes the mRNA (Figure 1 ) [10, 11] . It has been suggested that the spatial proximity of the 5 -and 3 -ends of the mRNA could enable ribosome recycling to occur. Thus ribosomes that have terminated translation at the 3 -end of the mRNA are then able to reinitiate translation at the 5 -end of the same mRNA.
A second and less commonly used mechanism is known as internal translation initiation. In this process, the 40 S ribosomal subunit is recruited to a site within the mRNA that is a considerable distance from the cap-structure. Ribosome binding is promoted by a cis-element located in the 5 -UTR of an mRNA referred to as an IRES (internal ribosome entry segment) [12, 13] . The mechanism of cellular internal initiation is not well understood. However, it is clear that both structural and sequence elements play a role in ribosome recruitment [14] [15] [16] [17] [18] . In addition, certain trans-acting factors have been identified that appear to remodel the structure of the IRES and thereby facilitate ribosome binding [19, 20] . (3), and initiator tRNA with a 40 S ribosome subunit; eIF4E (4E), eIF4A (4A), eIF4G (4G) and eIF4B with the m 7 G cap structure; and the PABP with the polyadenosine tail interacting with the 5 -complex via eIF4G and eIF4B. (B) As above, except that in this case cleavage of eIF4G and eIF4B by caspases prevents the interaction between the 5 -preinitiation complex and the polyadenosine tail as indicated.
In the few IRESs analysed thus far, the ribosome appears to bind to a region within the IRES that lies upstream of the initiation codon and it subsequently scans in a 5 -3 direction to the authentic initiation codon [14, 20, 21] .
These two distinct forms of translation initiation have evolved so that differential mRNA selection can occur when cap-dependent protein synthesis is repressed, such as during mitosis, cell-cycle arrest, amino acid starvation, cell death and following cellular stress. Indeed, it has been found that under these conditions certain IRESs are used to maintain or induce gene expression [22] [23] [24] [25] [26] [27] [28] . Inhibition of cap-dependent translation during such cellular conditions can be correlated with various changes to the availability and/or activity of the translation-initiation factors.
Translation initiation and apoptosis
During programmed cell death there is a considerable and rapid reduction in the global rate of protein synthesis [29] [30] [31] . Closer examination revealed that there are extensive modifications to a number of factors involved in capdependent translation at the onset of apoptosis (reviewed in [32, 33] ). In particular, it was noted that the bridging component of the eIF4F complex, eIF4GI, was proteolytically processed [29] [30] [31] . Furthermore, it was found that caspase 3 activity was both necessary and sufficient for these cleavage events [34] . Proteolysis of eIF4GI during apoptosis leads to the production of three relatively stable fragments (N-FAG, M-FAG and C-FAG) and identification of the cleavage sites showed that these sites are distinct from those targeted by the poliovirus 2A protease [35] . Accordingly, the fragments produced during apoptosis have different properties compared with those generated after poliovirus infection. Most notably, the N-terminal fragment N-FAG contains the PABP-binding domain but unlike the corresponding fragment produced by the 2A protease it does not contain the eIF4E-binding site. Both the eIF4E-and the eIF3-binding sites are located within the central fragment of eIF4G M-FAG. In functional terms, this means that M-FAG can still bridge between eIF4E bound at the 5 -capstructure and eIF3 and thereby recruit ribosomes to the cap-proximal region (Figure 1 ). In agreement with these results, M-FAG remains associated with the ribosomes in apoptotic cells [35] . Besides eIF4G cleavage, during apoptosis eIF4B and the p35 subunit (eIF3j) of the eIF3 complex are subject to caspase-dependent proteolysis. Previous studies have indicated that eIF4B interacts directly with PABP in plant cells [36] . Further investigation revealed that these two proteins also interact in mammalian cells. Moreover, caspase 3-mediated cleavage of eIF4B releases a 45-aminoacid fragment from the N-terminus of this protein and results in the loss of the interaction between eIF4B and PABP in apoptotic cells [37] . In combination, the cleavage of eIF4G and eIF4B most probably severely destabilize the connection between the 5 -and 3 -ends of the mRNA (Figure 1 ). This may have several effects including a reduction in the affinity of eIF4F for the 5 -cap-structure and a decrease in the affinity of PABP for the poly(A)-tail, but perhaps more significantly, the loss of the circularization of the 48 S complex would greatly diminish the transfer of ribosomal subunits to the 5 -end of the mRNA from the 3 -end of the mRNA after termination. The cleavage of the p35 subunit of eIF3 is also dependent on caspase 3 and results in the loss of 16 C-terminal amino acids. Interestingly, during cycloheximide-induced apoptosis in BJAB cells, the entire cellular population of eIF3j was cleaved. However, with most other inducers of apoptosis a significant proportion of eIF3j remains intact even at a late stage in the apoptotic programme [32] . The complete cleavage of eIF3j during cycloheximide-induced apoptosis is most probably explained by the stabilizing effect that this antibiotic has on polyribosome formation. Indeed, experiments using reticulocyte lysate have shown that when eIF3j is associated with the ribosome it is resistant to cleavage by caspase 3 (M. Bushell, unpublished work). Recently, it has been shown that eIF3j is required for stable binding of the eIF3 complex to the 40 S ribosomal subunit. In addition, eIF3j that has been processed by caspase 3 has a significantly reduced affinity for the 40 S ribosomal subunit, and consequently does not efficiently recruit the eIF3 complex to the 40 S ribosome [38] . The cleavage of all these factors may be involved in either the reprogramming of the translational apparatus or just simply the shutdown of protein synthesis during cell death. The question of whether these cleavage events lead to differential translation initiation of mRNAs remains to be answered.
All the aforementioned cleavage events require effector caspase activity and as such occur relatively late in the programme of apoptosis. Dephosphorylation of the eIF4E [39] ). (B) Western blots were performed using the samples prepared in (A) to examine the integrity of PARP [poly(ADP-ribose) polymerase] and eIF4G and the presence of their cleavage products p89 and M-FAG respectively as indicated. Equal amounts of total protein were examined (as in [39] ).
(C) Northern blots were performed using the samples prepared in (A) to examine the stability of the rpS6 mRNA and actin as indicated. Equal amounts of total RNA were examined.
inhibitor protein 4E-BP1 appears to occur somewhat earlier in the cell death pathway and may also contribute to the inhibition of global protein synthesis during apoptosis [32, 33, [39] [40] [41] . 4E-BP1 is a molecular mimic of the eIF4E-binding domain of eIF4G and thus binding of eIF4G or 4E-BP1 to eIF4E is mutually exclusive. When 4E-BP1 is in its dephosphorylated state, it evicts eIF4G from the binding surface on eIF4E and consequently reduces the cellular abundance of eIF4F. In this manner dephosphorylation of 4E-BP1 reduces cap-dependent translation initiation (reviewed in [3] ).
RNA degradation and apoptosis
Clearly, multiple modifications are made to the translationinitiation factors during apoptosis, each of which potentially contributes to the overall reduction in protein synthesis. However, protein components of the translation-initiation apparatus are not the only factors that are targeted in dying cells. Site-specific cleavage of both the 18 and 28 S rRNAs has also been observed during apoptosis (reviewed in [42] ), although it must be noted that cell death can occur in the absence of rRNA cleavage in some cell lines. In addition, it is apparent that only a small proportion of the total cellular population of rRNAs is cleaved. To date there is no indication as to whether rRNA cleavage alters the functional properties of the ribosome or whether it is merely a non-specific event resulting from cellular destruction. Perhaps more importantly, in a number of different studies, a substantial reduction in the cellular level of mRNA has been observed in apoptotic cells [43] [44] [45] . It appears that there is an increase in the rate of mRNA degradation during cell death [44] and that even mRNAs with a long intrinsic halflife decay at a significantly faster rate [45] . Del Prete et al. [45] reported that mRNA degradation occurs in response to various inducers of apoptosis and is a relatively early event in the programme of cell death. Obviously, a general increase in the rate of mRNA degradation could profoundly affect the rate of protein synthesis. However, these studies did not address the potential contribution of mRNA degradation to the reduction in global protein synthesis during apoptosis. Thus, to clarify this situation, we compared the change in the rate of protein synthesis during TRAIL (tumour-necrosisfactor-related apoptosis-inducing ligand)-induced apoptosis with both the change in the steady-state level of mRNAs and the rate of cleavage of eIF4GI. After examination of the timing of these events it became clear that the degradation of mRNA during TRAIL-induced cell death occurs somewhat earlier than the cleavage of eIF4GI (Figure 2) . Thus 2 h after the exposure of HeLa cells to TRAIL, the levels of both rpS6 (ribosomal protein S6) mRNA and actin mRNA were reduced by approx. 70% when compared with the control. In contrast, there was very little change in the abundance of intact eIF4GI and only a small amount of eIF4GI cleavage products were detected (Figure 2) . In fact the increased rate of mRNA degradation during apoptosis seems to correlate very well with the inhibition of protein synthesis (Figure 2) . Therefore it is probable that mRNA decay makes a significant contribution to the reduction in global protein synthesis during apoptosis and may be the major mechanism responsible for the shutdown of translation. It is worth noting that the degradation of both actin and rpS6 mRNAs is representative of the fate of numerous other mRNAs that we examined during TRAIL-induced cell death (results not shown). As yet, we have not performed a global analysis of mRNA levels during apoptosis but it may be of some interest to determine whether certain mRNAs are refractory to the increased rate of mRNA decay.
Differential translation initiation in early apoptosis
To assess whether differential regulation of gene expression occurs by translational mechanisms during early apoptosis, we have performed micro-array analysis to identify changes in the association of mRNAs with the polyribosomes. To achieve this, we characterized an apoptotic system in which the global reduction in protein synthesis occurs some time before the increase in the rate of mRNA decay. The main changes to the translational apparatus in early apoptosis in this system are dephosphorylation of 4E-BP1, with a concomitant decrease in the levels of eIF4F, and dephosphorylation of rpS6. Interestingly, both 4E-BP1 and rpS6 phosphorylation lie downstream of the phosphoinositide 3-kinase and mammalian target of rapamycin signalling pathways (reviewed in [46] ). Furthermore, one of the major findings of the micro-array analysis was a selective inhibition of the translation of mRNAs encoding ribosomal proteins and components of the translational apparatus during early apoptosis (our unpublished work). Most of these mRNAs contain a 5 -terminal oligopyrimidine tract (TOP) and the translational efficiency of these mRNAs has been correlated with signalling through the phosphoinositide 3-kinase and mammalian target of rapamycin pathways (reviewed in [47] ). Several reports in the literature suggest that a number of mRNAs are efficiently translated during apoptosis when capdependent translation is inhibited [24] [25] [26] . Moreover, it has been proposed that translation of these mRNAs is maintained by an IRES in their 5 -UTRs. Given our recent findings, it remains to be seen whether these mRNAs are degraded during late apoptosis when most of the modifications to the initiation factors occur or whether they somehow evade this mechanism and consequently can be translated. However, our micro-array analysis has confirmed that one of these mRNAs (c-myc) continues to be translated during early apoptosis when cap-dependent translation initiation is reduced. Further findings from this analysis will be published elsewhere.
Conclusions
Much attention has been focused on the modification of translation-initiation factors during cell death and it has been suggested that the cleavage of proteins, such as eIF4GI, eIF4B and eIF3j, contributes to the significant decrease in protein synthesis in apoptotic cells [33, 37] . However, we now propose that changes to the translational apparatus during apoptosis can be broadly split into two phases. In early apoptosis, we see changes in the phosphorylation of 4E-BP1 and rpS6. These and perhaps other changes lead to the specific translational repression of a large group of mRNAs, including those mRNAs with a 5 -TOP, but allow continued or enhanced translation of other mRNAs (M. Bushell, M. Stoneley, A.E. Willis and P. Sarnow, unpublished work). In the second phase, mass activation of the effector caspases results in the cleavage of a large group of translation-initiation factors. However, before this second phase, there is a large increase in the global rate of mRNA degradation. The precise mechanism leading to this increase in mRNA decay is as yet unknown. However, the shutdown of protein synthesis during apoptosis is temporally correlated with the loss of cellular mRNA and does not correlate with the cleavage of translation-initiation factors. Thus it is tempting to speculate that the increased rate of mRNA degradation is sufficient to inhibit translation initiation at this stage of apoptosis.
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